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ole of Left Ventricular Twist Mechanics
n the Assessment of Cardiac Dyssynchrony
n Heart Failure
atteo Bertini, MD,*† Partho P. Sengupta, MBBS, MD, DM,‡ Gaetano Nucifora, MD,*
ictoria Delgado, MD,* Arnold C. T. Ng, MBBS,* Nina Ajmone Marsan, MD,*
iriam Shanks, MD,* Rutger R. J. van Bommel, MD,* Martin J. Schalij, MD, PHD,*
agat Narula, MD, PHD,§ Jeroen J. Bax, MD, PHD*
eiden, the Netherlands; Bologna, Italy; Scottsdale, Arizona; and Irvine, California
he authors discuss an incremental value of assessing left ventricular (LV) twistmechanics in patients with
eart failure (HF) and its potential usefulness in characterizing response to cardiac resynchronization
herapy (CRT) and reversal of LV remodeling at 6 months follow-up. They also underscore a critical
elationship between LV lead position and changes in LV twist after CRT, and suggest that the reversal
f LV remodeling in HF patients following CRT primarily results from restoration of the global
equence of LV twist mechanics. (J Am Coll Cardiol Img 2009;2:1425–35) © 2009 by the American
ollege of Cardiology Foundationt
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. H.eart failure (HF) remains one of the
major public health problems in devel-
oped countries. In the U.S., nearly 6
million patients have HF symptoms,
nd 500,000 new patients are diagnosed yearly
1). Recently, important advances in HF ther-
py, such as cardiac resynchronization therapy
CRT), have improved the outcome of these
atients (2). However, the prognosis still re-
ains poor with a 5-year mortality of 42.3%
fter hospitalization for HF (1).
Left ventricular (LV) rotation, twist, and
orsion are important aspects of the cardiac
echanics. The term “rotation” refers to the
otation of short-axis sections of LV. Due to
rom the *Department of Cardiology, Leiden University Medica
ardiology, University of Bologna, Bologna, Italy; ‡Department of
Department of Cardiology, University of California, Irvine, Ca
edtronic, and Boston Scientific. Dr. Bax received grants from Med
MS Medical Imaging, Edwards Lifesciences, and GE Healthcare
his article.anuscript received July 29, 2009; revised manuscript received Septemhe spiral architecture of LV myofibers, the
otation of LV apex and base are counterclock-
ise and clockwise, respectively, as viewed
rom the LV apex. The opposite rotation of LV
pex and base leads to an LV systolic wringing
otion during systole referred to as twist or
orsion. In particular, LV twist is the net
ifference at isochronal time points between
pex and base in the rotation angle along LV
ongitudinal axis, whereas LV torsion is LV
wist indexed to the distance between LV apex
nd LV base (LV length) (3,4). This peculiar
haracteristic of the LV contributes signifi-
antly to LV systolic function, in addition to
yocardial shortening and thickening. Fur-
nter, Leiden, the Netherlands; †Department of
iology, Mayo Clinic, Scottsdale, Arizona; and the
nia. Dr. Schalij received grants from Biotronik,
ic, Boston Scientific, Biotronik, St. Jude Medical,
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1426hermore, the potential energy stored by LV twist
uring the systolic phase is rapidly released during
V untwisting and constitutes an important deter-
inant of diastolic suction (5).
After a brief overview of physiology of LV
otational mechanics, an in-depth discussion is
rovided on different LV twist patterns in systolic
F and the evolving role of LV twist as a marker of
V dyssynchrony for understanding response to
RT.
ormal LV Twist Mechanics
n the normal heart, the myofiber geometry of the
V changes gradually from a right-handed helix in
he subendocardium to a left-handed helix in the
ubepicardium. Taber et al. (6) explored the impact
f this changing transmural myofiber orientation on
V rotational mechanics in a 1-layer cylindrical
odel that consisted of obliquely aligned muscle
bers embedded in an isotropic matrix. The con-
traction of the epicardial fibers rotated the
apical end of the model in the counter-
clockwise direction and the base in the
clockwise direction. Conversely, shorten-
ing of the subendocardial fibers rotated the
apex and base in clockwise and counter-
clockwise directions, respectively. When
both layers are coupled to contract simul-
taneously, a larger radius of rotation for
the outer epicardial layer resulted in the
epicardial fibers having a mechanical ad-
vantage in dominating the overall direc-
ion of rotation. The endocardial layer does provide
ome opposition to epicardial motion. This oppos-
ng action ensures that epicardial and endocardial
arcomere shortening in all directions are equili-
rated during ejection, resulting in an optimal
istribution of LV stress and strain (7). Elimination
f twist decreases epicardial shortening at the ex-
ense of an increase in endocardial shortening.
his, in turn, increases endocardial stress and strain,
hich increases oxygen demand and reduces the
fficiency of LV systolic performance.
The model of Taber et al. (6) also provides
xplanation for the temporal changes in the se-
uence of LV twist during a cardiac cycle. The
nitial shortening of subendocardium causes a brief
lockwise rotation of LV apex during the isovolu-
ic contraction (5,8). Subsequent transmural
pread of electrical activation results in simulta-
eous shortening of subendocardial and subepicar-
tion
r
ion
larial fibers. Due to the subepicardial fibers having a darger moment arm, the direction of rotation is
hifted toward a counterclockwise rotation for the
V apex and a clockwise rotation for the LV base
Fig. 1).
Twist deformation of the LV wall causes fiber
earrangement that maximizes the LV wall thick-
ning. In particular, twisting and shearing of the
ubendocardial fibers also deforms the matrix and
esults in storage of potential energy by compression
f cardiac proteins such as titin (5). The potential
nergy stored in the titin is subsequently unleashed
uring diastole, aiding myocardial relaxation and
iastolic filling. The sequence of untwisting (clock-
ise rotation) of LV apex coincides with the onset
f isovolumic relaxation (5,8). About 50% of un-
wisting is completed during the isovolumic relax-
tion time without any changes in LV volume (7,8).
inally, a large extent of the remaining untwisting is
ompleted during early diastole with minimal con-
ributions during diastasis and late diastole.
actors affecting LV twist. Alterations in pre-load,
fterload, and contractility have been shown to alter
ardiac rotation (7). The directly proportional rela-
ionship between torsion and LV end-diastolic
olume and the inversely proportional relationship
etween torsion and end-systolic volume illustrate
he volume dependency of LV torsion. Like
hanges in loading conditions, increasing contrac-
ility increases LV twist; for example, positive
notropic interventions such as dobutamine infusion
nd paired pacing greatly increase LV twist,
hereas negative inotropic interventions markedly
educe twist (7).
Moreover, the LV twist increases gradually from
nfancy to adulthood. Notomi et al. (9) assessed LV
orsion and twisting velocities in individuals from 9
onths to 49 years and found that with advancing
ge there was an increase in LV torsion and
ntwisting velocity. It has been proposed that en-
ocardial function is more likely to reduce with age
ue to the subendocardium’s greater susceptibility
o fibrosis and/or subclinical reductions in perfu-
ion. As per the model of Taber et al. (6), the
educed endocardial function would result in less
pposition to the dominant epicardial action caus-
ng increase in rotation. The finding of reduced
ubendocardial function and increased torsion in
lder individuals results in preservation of global
eft ventricular ejection fraction (LVEF), suggesting
compensatory mechanism that helps to preserve
lobal LVEF despite the presence of subendocar-B B R E V I A T I O N S
N D A C R O N YM S
RT cardiac resynchroniza
herapy
F heart failure
V left ventricle/ventricula
VEF left ventricular eject
raction
Imyocardial infarctionial dysfunction.
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1427V Twist in the Dyssynchronous,
ailing Ventricle
everal investigators have previously reported a
ignificant correlation between LV twist and
VEF, the most commonly used index of LV
ystolic function in clinical practice (10). However,
here is increasing evidence that LV twist is supe-
ior to LVEF in characterizing hemodynamic ab-
rrations in patients with HF. For example, Kim
t al. (11), in a recent experimental study, reported
strong correlation between dP/dtmax (an invasive,
elatively load-independent, measure of LV con-
ractility) and LV twist (R2  0.747, p  0.001);
owever, the correlation between dP/dtmax and
VEF, despite being significant, was weaker (R2 
.408, p  0.001). This observation is related to
pecific differences in LV twist and LVEF: LV
wist is an index of systolic myocardial deformation,
hile LVEF simply reflects LV volume reduction
uring systole.
In particular, the LV torsional deformation, re-
ated to the spiral architecture of LV myofibers,
ermits the generation of LVEF 60% from myo-
bers that can shorten by only 15%; otherwise,
imple longitudinal or circumferential shortening
ould not allow LVEF higher than 30% (12,13).
esides being a sensitive indicator of myocardial
erformance, the LV rotational mechanics appear
trongly related to the sequence of LV depolariza-
ion as well; the propagation of the electrical cardiac
ctivity is indeed significantly related to the spiral
rchitecture and the anisotropic properties of car-
iac myofibers (14). The assessment of LV twist,
herefore, may provide more in-depth understand-
ng of the pathophysiology of HF, as compared
ith the traditional parameters of LV systolic
unction.
he ischemic versus the nonischemic failing ventricle.
ignificant alterations of LV rotational mechanics
ave been observed in patients with previous myo-
ardial infarction (MI) and chronic ischemic and
onischemic HF.
I. An impairment of LV twist after MI
7,10,15,16) correlates with the reduction of LVEF,
he number of dysfunctional myocardial segments,
nd the infarct mass. The injury caused by the
nfarction to the LV myofiber architecture may
xplain these findings. Indeed, Wu et al. (17), using
iffusion tensor magnetic resonance imaging, ob-
erved an increase of left-handed myofibers and a
ecrease of right-handed myofibers in the infarct
rea; the extent of these changes was associated to fihe infarct size. Interestingly, opposite changes
ere observed in the remote zone, likely represent-
ng an adaptive response to increased wall stress.
SCHEMIC VERSUS NONISCHEMIC HF. As compared
ith MI patients, HF patients present an even
ore pronounced impairment of LV rotational
echanics, irrespective of HF etiology as result of
eduction of both LV basal and apical rotation (Fig. 2)
10,18–21). In particular, the typical counterclock-
ise rotation of the LV apex may be completely
bolished, or even reversed in a clockwise rotation.
ecently, in a population of advanced HF patients
ith prolonged QRS duration, Bertini et al. (22)
howed a modest but significant correlation be-
ween LV twist and LVEF (r  0.53, p  0.001).
his finding supports the hypothesis that LVEF
nd LV twist are not identical parameters, and LV
wist may provide incremental information on LV
ystolic performance.
As demonstrated by Taber et al. (6), LV dilation
nd thinning, present in dilated cardiomyopathy,
qualize the radii of the subepicardial and suben-
ocardial layers; as a result, the mechanical advan-
age of the subepicardial myofibers (the major
eterminants of LV twist under physiological con-
itions) is reduced. Consequently, LV twist de-
reases with increasing cavity volume. Moreover,
he long-lasting processes determining dilated car-
iomyopathy and eccentric hypertrophy cause myo-
A B
IVC
C
Figure 1. Mechanism of LV Twist
Left ventricular (LV) ﬁber orientation changes from a right-handed h
cardium to a left-handed helix in the subepicardium (A). During iso
(IVC), circumferential components of force (arrows) are generated b
shortening, which rotates the LV about the long axis clockwise as v
(B). During ejection, shortening of subepicardial ﬁbers wrapped in a
handed helix rotates the LV counterclockwise (C). Twisting force by
overcomes the forces of subendocardial shortening because the torqu
force is larger due to a greater radius of the epicardial ﬁbers from theEjection
elix in the subendo-
volumic contraction
y endocardial ﬁber
iewed from the apex
n opposite, left-
epicardial shortening
e of the epicardialber disarray and alterations in myofiber angle (20).
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1428hese phenomena eventually lead to the loss of the
hysiological spiral architecture of the LV and to
he impairment of LV twist (23). Last but not least,
lowed transmural fiber activation, related to fibro-
is and remodeling of gap junctions, may delay the
ctivation of the epicardial myofibers, determining
n initial clockwise twist (because of the unopposed
otation of the endocardial myofibers) thereby im-
airing the peak LV twist (24,25).
It has been postulated that surgical techniques
estoring a more physiological shape of the LV
ould improve the LV torsional deformation (21).
ndeed, in a preliminary study of 26 patients with
schemic dilated cardiomyopathy, LV reconstruc-
ion surgery improved LV twist in the patients with
ore severely impaired LV twist at baseline (21);
hese patients showed also significantly greater im-
rovement of LVEF after surgery as compared with
he patients with relatively more preserved LV twist
t baseline (21).
elation LV twist-LV dyssynchrony. The presence of
n abnormal activation sequence of the ventricles
e.g., right ventricular [RV] apical pacing, right or
eft bundle branch block) results in a slower spread
f the electrical breakthrough across the myocar-
ium and in a dyssynchronous mechanical activa-
ion of the ventricles (26). In addition, the anisot-
Figure 2. LV Twist in Acute MI and Ischemic Versus Nonischemi
Examples of left ventricular (LV) twist assessed with speckle tracking
ischemic versus nonischemic heart failure (HF). Of note, LV twist is
patient with acute MI. In HF patients, LV twist impairment likely res
bers and a consequent loss of the speciﬁc LV architecture that is re
MI, the reduction in LV twist may result from an acute impairmentopy of the LV myocardium determines the cropagation of the electrical wavefront. As previ-
usly described (14,27), activation of the LV in-
ludes the development of a potential over the
ateral-apical region, which reflects endocardial-to-
picardial propagation of the LV free-wall activa-
ion front. Subsequently, this epicardial potential is
een to migrate from the lateral LV apex toward the
osterolateral base. The propagation is faster in the
ongitudinal direction of the myofibers rather than
cross in the circumferential cross-fiber direction
ue to the higher density of gap junctions concen-
rated in the intercalated disks along the longitudi-
al axis, as compared with the cross-fiber densities
14). In the remodeled, failing LV, this particular
rchitectural pattern may be distorted, with loss of
nisotropy and gap junctions, resulting in a slower
onduction of the electrical excitation.
Several experimental studies have demonstrated
he deleterious effects of asynchronous ventricular
ctivation on LV performance and the relation
etween the LV activation pattern and LV twist
28–32). Prinzen et al. (30) showed the differences
n temporal sequence of electrical and mechanical
ctivation during spontaneous and ectopic beats.
ctopic activation induced asynchronous electrical
ctivation and, subsequently, asynchronous cardiac
otion (mechanical asynchrony). Interestingly, me-
hocardiography in acute myocardial infarction (MI), and chronic
edly reduced in the patients with HF as compared with the
from a long-standing process, with a rearrangement of LV myoﬁ-
nsible for the wringing motion. Conversely, in the setting of acute
tation of the LV region that is involved in the infarction.c HF
ec
mark
ults
spohanical asynchrony was larger than electrical asyn-
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1429hrony because the time interval between the elec-
rical activation and the onset of fiber shortening
as more prolonged at the most delayed mechanical
ctivated segments. Furthermore, myocardial work
ithin the LV wall was evaluated during RV and
V pacing in normal hearts of dogs. Both pacing
odes determined a pronounced redistribution of
idwall fiber shortening and work, with a 50%
ecrease in myofiber work at the paced regions
hypofunctioning regions) and 150% increase at the
emote areas (hyperfunctioning regions). These re-
ional changes resulted in significant reductions in
V pump function (31). Recently, Delgado et al.
33) compared the effects of RV apical pacing on
V twist in 25 patients without structural heart
isease. With the use of 2-dimensional speckle
racking imaging, the authors demonstrated that
V apical pacing induced a dyssynchronous me-
hanical activation of the LV, as measured by
adial strain and a subsequent significant decrease
n LV global longitudinal shortening and LV
wist (Fig. 3).
Finally, 2 recent studies pointed out the relation-
hip between LV dyssynchrony and LV twist in
dvanced HF patients with prolonged QRS dura-
Figure 3. LV Twist During RV Pacing
Example of left ventricular (LV) twist during sinus rhythm (baseline)
tural heart disease. A standard diagnostic catheter was positioned i
roscopy (upper left) and the 4-chamber apical view at standard 2-d
rotational parameters at baseline (lower left panel) and during RV
impairment in LV twist by decreasing both LV apical and basal rotaion (22,34). A first study showed that the extent of aV dyssynchrony was inversely related to LV twist
34). Subsequently, these results were extended in
nother study demonstrating that LVEF and LV
yssynchrony were both independently correlated
o LV twist (22). This observation further under-
cores that LV twist is not only a parameter of LV
unction, but also reflects the extent of LV (dys)
ynchrony.
V Twist in CRT
V mechanics and particularly LV twist are strictly
ependent on electromechanical activation and
re influenced by different pacing modalities
28,29,35). However, thus far, data on the effects of
RT on LV twist are limited (22,34,36).
Previous studies showed that LV twist is signif-
cantly altered in advanced HF patients with pro-
onged QRS duration (10,18). Particularly, abnor-
al rotational mechanics may result from 2
ifferent conditions that can also coexist: 1) absolute
eduction of LV apical and basal rotation (and
onsequently of LV twist), due to an impaired
yocardial contractility; and 2) dyssynchronous
ontraction of LV apical and basal regions, due to
during right ventricular (RV) pacing in a patient without struc-
e RV apex as illustrated in the posteroanterior (PA) view at ﬂuo-
nsional echocardiography (upper right). The curves of LV
ng (lower right panel) are shown. RV pacing induced a severe
.and
n th
ime
pacin altered pattern of LV electromechanical activa-
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1430ion (Fig. 4). Consequently, CRT, leading to a
ore physiological electrical depolarization and
echanical contraction of the myofibers, has the
otential to improve rotational mechanics in these
atients.
lobal changes in LV twist after CRT. All the available
tudies are based on 2-dimensional speckle tracking
chocardiography that, unlike tagged magnetic res-
nance imaging, allows the analysis of rotational
arameters also after device implantation.
Recently, Zhang et al. (36) studied 39 patients
cheduled for CRT, measuring LV twist at baseline
nd 3 months after implantation. At baseline, peak
V twist was significantly reduced in the HF
atients as compared with normal control subjects.
he authors also noted that in some patients, the
resence of apical and/or basal segments showed a
aradoxical rotation (clockwise for the apex and
ounterclockwise for the base). However, at short-
erm follow-up, the authors could not detect any
mprovement of LV twist after CRT, although a
ignificant increase of LVEF was observed.
Different findings were reported by Sade et al.
Figure 4. LV Twist in the Synchronous and Dyssynchronous Fai
Example of left ventricular (LV) twist in 2 patients with dilated card
Example of patients with synchronous (A) and with dyssynchronou
nous LV (B), the curves of the LV rotational parameters reveal redu
almost at the same time interval in the synchronous LV (A), wherea
In particular, in the dyssynchronous LV (B), apical rotation is marked
further worsening of LV twist.34), who studied the acute effect of CRT on 33 Latients. At baseline, LV twist was significantly
educed as compared with that of normal control
ubjects either for ischemic and nonischemic HF
atients and correlated well with LVEF and radial
yssynchrony. A significant improvement of LV
otational mechanics was observed immediately af-
er CRT. This may be related to the potential role
f the LV lead position in determining LV twist
attern. However, no data about LV lead position
ere reported in these studies. A more recent study
22) reported the short- and long-term effects of
RT on LV twist exploring also the influence of
V lead position. Specifically, in a group of 80 HF
atients who were candidates for CRT, a significant
nd progressive improvement of LV twist was
bserved immediately after implantation and at 6
onths follow-up (Fig. 5).
esponders versus nonresponders. The effect of
RT on rotational mechanics is more evident if the
valuation is performed according to the presence of
V reverse remodeling. Sade et al. (34) evaluated
he changes in LV twist in 33 HF patients treated
ith CRT. Responder patients (with a reduction in
LV
opathy and severe LV dysfunction (LV ejection fraction 30%).
contraction (B). In both the synchronous (A) and the dyssynchro-
LV twist. Of note, the peaks of apical and basal rotation occur
ey occur at different time intervals in the dyssynchronous LV (B).
arlier as compared with the basal rotation, which may result inling
iomy
s LV
ced
s th
ly eV end-systolic volume 10%) had an improved
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1431V twist. Conversely, in nonresponders LV twist
id not change or tended to worsen. Similarly, in a
ore recent study (22), a significant improvement
n LV rotational mechanics was noted only in
atients who showed LV reverse remodeling (re-
ponders), both at the short- and long-term follow-
p. In particular, peak LV twist progressively im-
roved in responders during follow-up (analysis of
ariance [ANOVA] p  0.001), whereas in nonre-
ponders a gradual deterioration of peak LV twist
as observed (ANOVA p  0.001) (Fig. 6). The
hanges of peak LV twist immediately after CRT
howed a good correlation with the changes in
VEF (r  0.83, p  0.001). Furthermore, at the
ultivariable logistic regression analysis, in which
V dyssynchrony and function parameters were
ncluded, absolute difference in LV twist was the
trongest predictor of response to CRT at 6 months
ollow-up (odds ratio: 1.837, 95% confidence inter-
al: 1.378 to 2.449, p  0.001). These findings
uggest that CRT may (partially) restore LV twist,
ossibly by providing a more physiological electrical
epolarization and mechanical contraction of the
yofibers.
V twist and LV lead position. In clinical scenarios,
he optimal site for LV pacing in patients receiving
RT remains controversial. Previous studies indi-
ated that patients with a (postero)lateral LV lead
osition and patients with an LV lead located close
o the region with the latest mechanical activation
ot only derive more benefit in restoring systolic LV
unction, but also tend to have superior long-term
urvival after CRT (37–40). Thus, in CRT pa-
Pe
ak
 L
V 
Tw
is
t (
º
)
0
5
10
15
Baseline
ANOVA  p = 0.006
Immediately
After CRT
6-Months
Follow-up
Figure 5. Progressive Improvement of LV Twist Induced
by CRT
A signiﬁcant and progressive improvement of left ventricular
(LV) twist was observed immediately after cardiac resynchroniza-
tion therapy (CRT) and at 6 months’ follow-up (22). ANOVA 
analysis of variance.ients, the magnitude of LV twist may be related to hhe LV pacing site. However, there is currently
inimal data addressing this issue. Previously, ex-
erimental studies showed that LV twist was influ-
nced by the pacing mode (atrial, right, and biven-
ricular pacing) (28,29,35). For example, Sorger et
l. (29) evaluated the changes in LV twist during
acing from 3 different locations: right atrium, RV
pex, and base of the LV free wall. Biventricular
acing with LV lead placed at the basal level of the
ateral wall, similar to apical RV pacing, worsened
V twist as compared with a more physiological
lectrical stimulation (i.e., right atrial pacing).
A recent study (22) explored the change in LV
wist after CRT in relation to different LV lead
ositions in the (postero)lateral veins. Interestingly,
he authors observed that patients with LV leads
ositioned in midventricular and apical regions
xhibited a larger increase in systolic function with
significant increase in LV twist as compared with
atients with LV leads positioned in the basal
egions of the LV free wall (Fig. 7). Possibly, LV
acing sites that yield the largest improvement in
V twist may likely determine a more efficient
ardiac contraction and subsequent improvement of
V energetics (41). Similar results were obtained in
n experimental study in a canine HF model,
eporting that the midapical part of the LV free wall
as the optimal stimulation site (42). These find-
ngs could be explained by the direction of cardiac
epolarization, traveling from the apex towards the
ase in the normal heart (14,43). Therefore, pacing
lose to the LV apex may replicate a more physio-
ogical pattern of LV depolarization and subsequent
echanical activation (22,29). Furthermore, as the
yocardial wall is thinner in the LV apex compared
ith the LV base (44,45), pacing leads positioned
ear the apex are closer to the Purkinje network.
his results in a faster electrical propagation of the
ardiac pulse and, subsequently, a more synchro-
ous LV contraction. These are early data derived
rom small experimental and clinical studies; there-
ore larger multicenter studies are needed to con-
rm these findings.
uture Directions
hus far, several indexes of mechanical dyssyn-
hrony have been proposed to select candidates for
RT. However, the response to CRT is also
etermined by other pathophysiological issues such
s LV lead position and myocardial scar (46). The
nalysis of LV twist may provide a more compre-
ensive evaluation of LV mechanics and may help
t
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1432o understand the effects of CRT in HF patients.
oreover, at present, CRT response relies on
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Figure 6. LV Twist Changing in CRT Responders and Nonrespon
(A) Example of responder to CRT. Peak LV twist increases progressiv
twist increases secondary to an improved electromechanical activat
when LV reverse remodeling has also occurred. The lower panels s
reduction in left ventricular end-systolic volume (LVESV) after 6-mo
declines progressively from baseline to 6 months’ follow-up. The di
immediately after CRT and at 6 months follow-up. At 6 months’ fol
tributes to a further deterioration of LV twist. The lower panels sho
up. Abbreviations as in Figure 5.hanges in clinical status, LV reverse remodeling, vnd improvement in LVEF. In this regard, LV
wist analysis may be incremental to changes in LV
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from baseline to 6-month follow-up. Immediately after CRT, LV
of the LV. Further improvement is observed at 6-month follow-up
the improvement in left ventricular ejection fraction (LVEF) and
follow-up. (B) Example of nonresponder to CRT. Peak LV twist
on of LV apical rotation is reversed (negative pink dashed curve)
up, a reduction in LV basal rotation is also observed, which con-
he parallel worsening in LVEF and LVESV after 6 months follow-al Ro
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1433Figure 7. LV Twist Versus LV Lead Position
(A) Example of responder to cardiac resynchronization therapy (CRT) with the LV lead placed in a (postero)lateral vein with an apical
position. Biplane ﬂuoroscopy (left) displays the LV lead position. Particularly, the left anterior oblique (LAO) view shows the LV lead in
the (postero)lateral vein whereas the PA view shows the LV lead in an apical position. Peak LV twist increased from 3.8° at baseline to
10.6° at 6-month follow-up. Left ventricular ejection fraction (LVEF) improved from 24% at baseline to 38% at 6-month follow-up. In this
patient, pacing close to the LV apical region may produce a more physiological pattern of electromechanical activation, resulting in a
signiﬁcant improvement in LV twist. (B) Example of nonresponder with the LV lead placed in a lateral vein (LAO view) with a basal posi-
tion (PA view). Peak LV twist decreased from 9.4° at baseline to 4.7° at 6-month follow-up. LVEF decreased from 30% at baseline to 26%
at 6-month follow-up. In this patient, pacing close to the LV basal region may induce a further worsening of the electromechanical acti-
vation with a signiﬁcant worsening of LV twist. Abbreviations as in Figure 3.
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1434esponse. Future studies are warranted to elucidate
hether the magnitude and/or the specific pattern
f baseline LV twist and immediate changes in LV
wist after CRT may be used as a more sensitive
ndex for the identification of CRT responders.
Currently, 2-dimensional speckle tracking echo-
ardiography permits reliable assessment of LV
wist mechanics (47). Furthermore, different au-
hors reported a good reproducibility of the assess-
ent of LV twist with 2-dimensional speckle track-
ng (22,48,49). However, 2-dimensional speckle
racking echocardiography has some limitations for
he assessment of LV twist mainly related to the
cquisition of LV apical short-axis images and
resence of through-plane motion, particularly at
he basal level, which may affect the accuracy of the
easurement of LV rotational parameters. Recently
eveloped 3-dimensional speckle tracking analysis
ay partially overcome these limitations and may
rovide even more global characterization of LV225–30. large, medium, andonclusions
V twist mechanics is a promising tool for charac-
erizing the pathophysiology of HF. In advanced
ystolic HF, the rotational parameters are severely
eteriorated and may be improved by restoring
lectro-mechanical activation through CRT. An
mmediate improvement in LV twist after CRT
ay be a good surrogate of a more physiological LV
epolarization, and is independently related to re-
ersal of remodeling after CRT. Finally, LV lead
osition is important for modifying the extent of
V twist after CRT; in particular, pacing sites that
rovide the greatest improvement of LV twist likely
etermine the largest reversal of LV remodeling
fter CRT.
eprint requests and correspondence: Dr. Jeroen J. Bax,
epartment of Cardiology, Leiden University Medical
enter, Albinusdreef 2, 2333 ZA Leiden, the Nether-twist mechanics (50). lands. E-mail: j.j.bax@lumc.nl.1
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